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The aggregation of misfolded protein is associated with certain diseases such as Alzheimer's and Parkinson's, where plaques of fibrils are found in the brain tissues of sufferers, although it is believed that it is the smaller precursor oligomers which damage cell walls and lead to cell death. Therefore, understanding how protein aggregation begins and how local environments affect the aggregation pathways can have significant implications in both the prevention of the disease and the development of therapeutic strategies.
One of the experimental methods helping to understand the onset of protein aggregation is timeresolved fluorescence spectroscopy of intrinsic fluorophores, which is unique in offering sub-nm spatial and sub-ns time resolution, allowing determination of the slightest changes in the fluorophore surroundings without perturbing the native structure by using extrinsic probes. The three fluorescent aminoacids tryptophan (Trp), tyrosine (Tyr) and phenylalanine, which frequently play a crucial role in protein activity, offer natural fluorescence sensors, and a noninvasive approach to protein research.
Recently, we have successfully applied this strategy to detect the early stages of Alzheimer's beta-amyloid peptide aggregation [1] [2] [3] [4] . The lack of Trp in A conveniently eliminates the common complication of Tyr-Trp energy transfer, such that the fluorescence decay of Tyr 10 in A responds only to environmental change during the critical early stages of peptide oligomerisation when excited with a pulsed source at 279 nm 5 .
Protein fluorescence decay is usually complex and traditionally fitted to multi-exponential functions, which are explained by means of two contradictary views of the excited-state processes: one based on amodel of dielectric relaxation and the other on a model based on rotamers. Our fluorescence [1] [2] [3] [4] However, satisfying a goodness-of-fit criterion (e.g. 
2 ) by increasing the number of exponentials, may lead to a false conclusion on the nature of the decay, as the multi-exponential function can be fitted to any experimental decay curve, providing the number of components is high enough.
Therefore, in order to reveal more detailed information on the fluorescence decay of Tyr in A 1-40 , we have searched for a more specific model of the decay that is parametrized by less variables than exponential treatments, thus reflecting the uniqueness of the Tyr environment and its evolution during aggregation.
Recently we have demonstrated for Trp in human serum albumin 6 , that the fluorescence decay of the intrinsic fluorophore in a protein can be described by the decay function
where  0 is the fluorescence lifetime of Trp and the pair ,  characterises the distribution of fluorescence transition rates. This model is an adaptation of the theory describing dipole kinetics in solid materials 7 and provides a more general description of fluorescence decay than has hitherto been reported and is particularly useful in helping to understand heterogeneous environments. Indeed, the exponential ( =1, =0) and non-exponential decay models like stretched-exponentials ( =1, >0) that are in widespread use are but special cases of eq (1).
5
In this letterr we report the study of A hours. This result is consistent with the existence of four Tyr rotamers, with the longest decay time associated with a rotamer being increasingly quenched as the aggregation progresses. This is in agreement with our previous report 3 based on Maximum Entropy Method (MEM) analysis.
7
The percentage contributions of the rotamers' fluorescence is given by eq (2) and evolve in time,
conformational changes of amyloids during aggregation. These changes offer an opportunity for sensing the process, for example the f 2 /f 4 vs. time dependence (Fig 1 d) Consequently, a substantial improvement in the  2 value is needed to justify using a model of higher complexity and number of parameters. In our case, the number of physical parameters in a non-Debye model is k=3 (AIC7), while for the 3-and 4-exponential models we have k=5 (AIC11) and k=7 (AIC15), respectively. 
The parameters presented in Fig.3 were used to plot k(t) for the decays measured at different times of aggregation (Fig.4.) .
Figure.4.
The time-dependent rates of the decay k(t) of the Tyr at different stages of A aggregation calculated according to the eq. (4).
As can be seen, the cases of >1 correspond to the k(t) functions that show initial increase and then gradual decrease. The growing parts become shorter at later stages of aggregation and finally disappear after about 40 hours, which is the point when becomes less than 1. In the 13 decay measured at later times decreases further, indicating that the kinetics becomes more consistent with the model of fluorescence relaxation as per eq.(1).
The above observations allow us to hypothesise that the reason for the >1 (and consequently the increases of the k(t) observed in the initial hours of aggregation) is a dielectric relaxation of tyrosine within the oligomers and its local environment,, causing a time-dependent Stokes shifts of the emission spectra.
To investigate this hypothesis, we have simulated the decays according to the Toptygin-type approach 13, 14 , and then fitted eq. (1) The synthetic decays were simulated for =32788 cm -1 (=305 nm) and three solute-solvent relaxation times  r = 0.01, 4 and 12 ns, and then fitted to the decay using eq. (1). The recovered parameters are shown in Table 1 . Table 1 . Recovered parameters of the simulated decays fitted to the eq. (1).
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The  2 values less than 1 indicate overfitting, which suggests that for the mono-exponential decay of the excited-state population I(t), the decays measured in the presence of dielectric relaxation seem to be simpler than given by eq. The recovered values of the parameters confirm our hypothesis that the presence of dielectric relaxation with  r  F results in >1, if data is fitted to eq. (1).
To conclude, in order to obtain full information on the underlying kinetics, the wavenumber-and time-dependent Tyr fluorescence intensity, i.e. the decay model given by (5) , with the I(t) part represented by eq. (1), has to be applied to the decays measured at the series of detection wavelengths for each step of aggregation. Moreover, it seems likely that the ability to separate dielectric relaxation from other decay mechanisms could prove to be a powerful tool in the . is iterated during the fitting procedure to obtain the best fit.
We started data analysis with a multi-exponential decay
